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The March 11th, 2011 Off the Paciﬁc Coast of Tohoku Earthquake, also known as the Great East Japan
Earthquake, has shown that a long stretch of landﬁlls along northeastern shorelines of the Tokyo Bay had
very high susceptibility to liquefaction, causing concerns about re-liquefactions of the area in the
scenario earthquake expected in the capital's metropolitan area. An attempt was made to detect soil
subsidence from raster images converted from airborne LiDAR (Light Detection and Ranging) data before
and after the earthquake. To eliminate deep-seated tectonic displacements and systematic errors of
LiDAR surveys, the template matching technique is used for clusters of pile-supported buildings and
bridge piers chosen as templates in source images of the target areas. The obtained subsidence maps
describe the spatial distribution of soil subsidence in great detail.
& 2013 The Authors. Published by Elsevier Ltd.Open access under CC BY-NC-ND license. 1. Introduction
Tokyo Bay Area, which was formerly used for seaweed collec-
tion, ﬁshing, and resorts, is now a part of the great Tokyo–
Yokohama–Chiba metropolitan area. By the mid-1970s, production
of heavy metals and chemicals in the eastern bay area was the
highest among Japan's industrial regions [1]. Intensive ﬂow of
people and goods has made the Tokyo Bay Area a world renowned
commercial and consumption hub. All the more because the area
has been the center of the economy and urban lives, the impact of
the sand liquefaction over a long stretch of landﬁlls along the coast
of the Tokyo Bay in the March 11th, 2011 Off the Paciﬁc Coast of
Tohoku Earthquake was serious, leaving many houses and power
poles tilting and lifelines cut off [2]. After almost all sands were
cleared up for rehabilitation, clear differences of level between
ground ﬂoors of pile-supported RC buildings and surrounding
sidewalks were noted. The liqueﬁed areas along the coast of the
Tokyo Bay reportedly reached 42 km2 [3], and there yet remain
serious concerns about sewage treatment and possibleLtd.
3394034;
m-net.ne.jp (K. Konagai).
Open access under CC BY-NC-NDinundations inside levees. According to the census data, the
population of Chiba Prefecture has fallen by 7724 residents since
the beginning of 2011 for the ﬁrst time since record keeping began
in 1920 [4]. Cases of modern liquefaction illustrate that soil
subsidence caused by sand liquefaction can cause long-lasting
problems. In the July 16th, 1990 Luzon Earthquake for example,
the city center of Dagupan along the meandering river trace of the
Pantal was one of the most seriously liqueﬁed areas, where
drainage systems were clogged up by the accumulated sand
causing temporary ﬂooding. Some RC buildings along Pelez Bou-
levard have sunk in the liqueﬁed sand with their surrounding soils
and remained underwater for several months [5]. In the 1964
Niigata Earthquake, similar problems were reported. About a
640 m long stretch of Akashi Avenue has subsided due to liquefac-
tion and remained about 60 cm underwater. The area along Tsusen
River was ﬂooded by tsunami, and remained underwater for about
a month [6]. These areas have been frequently inundated in heavy
rains since then. One of the more notorious of these ﬂoods was the
record rainfall on August 4th, 1988, which later led the Niigata
Prefectural Government into the construction of a new drainage
pump station at Yamanoshita lockage [7].
In addition, what should not be forgotten is that the liqueﬁed
areas are considered to be at high risk of re-liquefaction. Waka-
matsu has conﬁrmed that sand deposits, which were once lique-
ﬁed in past earthquakes, did liquefy again in the March 11th
Earthquake in at least 145 municipalities in both Kanto and
Tohoku Regions, including Urayasu City [8]. The Earthquake license. 
Table 1
Spatial resolutions of DSMs at different times and areas.
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would be a 70% probability that the capital’s metropolitan area
would experience a magnitude-7 quake within 4 years and a 98%
probability within the next 30 years [9].
With all mentioned above, it is very important for relevant
organizations to have quantitative information on the soil sub-
sidence to cope with post-earthquake problems. Raster images
converted from airborne Light Detection and Ranging (LiDAR)
data, namely digital surface models (DSMs hereafter), were
obtained on April 20th, September 6th and November 27th, 2011
for Urayasu, Funabashi–to–Chiba and Ichikawa areas, respectively,
and an attempt was made to compare the images with those
before the earthquake [10], [11], [12]. This paper describes the
overall features of soil subsidence in all target areas.Area Date of LiDAR survey Spatial resolution
(points/m2)
Urayasu December 2006 to January 2007 0.792
Urayasu April 20th, 2011 4.089
Ichikawa-to-
Chiba
December 2006 to January 2007 0.792
Ichikawa-to-
Chiba
September 6th, 2011 and Nov. 27th,
2011
1.7862. Detection of soil subsidence from LiDAR images
A Light Detection and Ranging (LiDAR) system is capable of
rapid and accurate collection of topographic and elevation data. It
consists of (1) a laser scanner, (2) a kinematic airborne Global
Positioning System (GPS), (3) an interfaced Inertial Measurement
Unit (IMU), and (4) a ﬁxed, ground-based reference GPS station forUrayasu area, April 2
Ichikawa area, Nov. 27, 2011
DSMs
not a
Tokyo Bay
Ichikawa area 
Nov. 27, 2011 
Fu
C
S
Fig. 1. DSMs obtained for the Tokyo bay shore area. (a) Air-borne LiDAR surveyed areas
and Funabashi to Chiba area (September 6, 2011)correcting positioning errors [13]. The laser scanner emits fast
pulses from a focused infrared laser, which are beamed toward the
ground surface with an oscillating mirror for fast scanning in a
sinusoidal pattern. The kinematic GPS measures the spatial posi-
tion of the platform aircraft, while the IMU records the pitch, roll,
and heading of the aircraft.
The obtained high-resolution digital elevation maps (Digital
Surface Models: DSMs) before the earthquake (in December
2006–January, 2007 for the entire target areas) and after the
earthquake (on April 20th, 2011 for Urayasu, September 6th for the
area from Funabashi to Chiba, and November 27th for Ichikawa)0, 2011
Funabashi to Chiba area, 
Sept. 6, 2011
 before the earthquake were 
vailable below this line.
nabashi to 
hiba area, 
ept. 6, 2011
DSMs before the 
earthquake were not 
available below this 
line.
(b) Urayasu area, April 20, 2011 and (c) DSMs of Ichikawa area (November 27, 2011)
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elevations (Fig. 1). These images have different spatial pixel
densities as shown in Table 1 for different areas and times,
depending on the safe ﬂight altitudes allowed for the aircraft to
ﬂy near the Haneda and Narita International Airports. The increase
in ﬂight altitudes can also yield an increase of errors because the
laser-light beam can spread transversely as it propagates. The
arrangement of satellites in the sky also affects the accuracy of GPS
positioning. When all the visible satellites are clustered close
together within a comparatively restricted part of the sky, trian-
gulation calculations are susceptible to errors, resulting in a poorer
position solution [13]. This effect, caused by the geometry of the
satellite arrangement, happens from time to time on any spot of
the earth surface, and therefore corrections are necessary at each
time we survey. In addition to the above-mentioned system-
correlated errors, the effect of deep-seated tectonic deformations
caused by this earthquake was remarkable over the entire stretch
of the Paciﬁc coastal areas of the eastern Japan [14].
However liquefaction-induced shallow subsoil subsidence is
considered to be simply estimated with reference to elevations of
top ends of pile-supported buildings and bridge piers such that
any horizontal and vertical biases can be eliminated. Therefore, to
ﬁnd the best matching depth for DSMs before and after the
earthquake, a template matching technique is used for three air-
borne LiDAR surveyed areas with clusters of pile-supported
structures as templates [15].
For each air-borne LiDAR surveyed area, a ﬂat regression plane
is ﬁt to a three-dimensional plot of the template points in such a
way that the sum of squared errors will be minimized. Total 191
points on ﬂat roofs of 57 buildings and 35 piers for expressway
viaducts were chosen as template points for all three areas. Ideally,
all chosen structures are desirable to be resting on end-bearing
piles. Among the 92 chosen structures, it was conﬁrmed that 53
structures were on end-bearing piles. They included RC public
facilities, schools in Urayasu (see Appendix A) and piers of viaducts
for the Bay-Shore Route of Tokyo Metropolitan Expressway Co.
Ltd., which expressway continues as the bay-shore section of the
Higashi-Kanto Express way of the East Nippon Expressway Com-
pany. Though detail dimensions of piles for the other 39 structures
were not known at the time of template matching, it was an
imminent need to supplement areas with these structures where
template points were rather sparsely distributed. Therefore, sup-
plemental points were taken on medium to high-rise RC tower
condominiums (4 to several tens stories in height), which were
considered to be almost certainly on end-bearing piles, and thus
appropriate for further enhancing the statistical signiﬁcance of
each regression plane. At each template point, a circle with aFig. 2. Template points on a pradius of 3 m is drawn around it, and elevations of pixels within
this circle are averaged for the representative value of the point's
elevation (Fig. 2).
As for the Urayasu area, the least-square regression plane
shows no signiﬁcant inclination with the standard error of
estimate, 0.017 m, and the cloud of template points is about
0.2 m lower in average than that before the earthquake. Regres-
sion planes for Ichikawa and Funabashi–to–Chiba areas clearly
slope down in northwest and southwest with the standard errors
of estimate, 0.0259 m and 0.0456 m, respectively (Fig. 3(a)
and (b)). These standard errors for Ichikawa and Funabashi–to–
Chiba areas are a little larger than that for Urayasu probably
because of the higher ﬂight altitudes for the LiDAR surveys, and
this fact limits discussions that require much higher accuracy.
Comparing DSMs at different times in a straight-forward
manner only allows us to detect displacements in the Eulerian
description, in which the description of motion is made in terms of
the spatial coordinates which does not follow the motion of a
particular target. Therefore not only vertical components but also
lateral components of Lagrangian displacements are to be elimi-
nated especially when they are due to tectonic movements. One
practical method to deal with this problem is to detect edges of
pile-supported buildings where elevation changes sharply, and to
keep tracking the motions of the detected edges [16]. However, as
described previously, the DSMs have a spatial resolution of 1.7 to
4 pixels m2, which is a little too sparse for sharp edge detection.
After the 2004 Mid-Niigata Prefecture Earthquake, Konagai et al.
[17], [18] estimated the Lagrangian components of tectonic dis-
placement induced within a mountainous terrain of Yamakoshi
Village, by assuming that tectonic displacement varies gently in
space, and therefore three adjacent pixels of DSM would have the
same Lagrangian displacements. The same method is applied here
for detecting lateral Lagrangian displacements of roofs with
sloping surfaces towards walls. As illustrated in Fig. 4, several
cross-sections of a roof are taken ﬁrst, and after excluding those
with outshooting objects, they are averaged for the representative
roof shape with two sloping surfaces towards walls on both sides.
If two points on the two sloping surfaces of a roof undergo a rigid-
body-translation movement fΔy ΔzgT , their Lagrangian compo-
nents fΔy ΔzgT can be obtained by solving the following simulta-
neous equations.
δz1
δz2
( )
¼
a1 1
a2 1
" #
Δy
Δz
 
ð1Þ
where δz1 δz2f gT are Eulerian displacements at these two points.
To obtain two orthogonal components of lateral displacement, oneile-supported RC building.
Regression plane elevation (m) = 
-1.93+0.0000319x-0.000044y
with x= EW distance (m), 
y=NS distance (m) and
Standard error of estimate = 0.0259m
0.1
0.0
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-0.2
-0.3
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Regression plane elevation (m) = 
0.342 + 0.0000123x+0.0000107y
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Fig. 3. Regression planes ﬁt to a three-dimensional plot of the clouds of template
points for (a) Ichikawa and (b) Funabashi to Chiba areas, respectively, on the
Japanese National Grid System, Zone IX (see Appendix A).
Fig. 4. Template building
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nearby. It is also noted that even a pile-supported building may
not be an appropriate target for lateral template matching,
because piles are laterally ﬂexible enough to be easily deformed
by the movements of the surrounding side soils. Due to the above-
mentioned constraints, only 5, 4 and 3 buildings were found as
appropriate templates in Urayasu, Ichikawa and Funabashi–to–
Chiba areas, respectively; each building must have at least two
roof ridges in different orientations. However they are clustered
only on stable lands, mostly on the inland side of the liqueﬁed
coastal landﬁlls, and ﬁtting ﬂat regression planes to three-
dimensional plots of these clustered buildings would cause serious
extrapolation errors for the greater part of the target areas.
Therefore the extracted lateral components of Lagrangian displa-
cements of the buildings were simply averaged over each target
area, and the corresponding template DSM after the earthquake
was aligned to the DSM before the earthquake to eliminate the
extracted lateral anomalies. These anomalies as well as their
standard deviations are not as reliable as they should be because
the numbers of samples are too low to expect stochastic conver-
gence. However both the anomalies and their standard deviations
for areas with spatial resolutions of 4.089–1.786 points/m2 are at
least much smaller than the corresponding distances between
neighboring pixels, and thus can be smaller than the errors
expected from the edge detection method.3. Obtained map of soil subsidence
3.1. Urayasu area
Fig. 5 shows the obtained soil subsidence map of Urayasu. Since
the LiDAR survey was conducted for Urayasu on April 20th after
almost all sand ejecta were cleared up from streets, the amount of
ground elevation loss is considered to be largely due to the
removal of sand ejecta. The aerial photograph of the same area
on the upper right of the ﬁgure was taken in 1948 by the US Army
[19], clearly showing that it was post-World War II when the
majority of land reclamation in Urayasu was undertaken, and that
today, the greater part of the city spreads over the reclaimed land
of sand dredged from the Tokyo Bay.
On this map, subsidence can be seen over the entire stretch of
the reclaimed land. In particular, remarkable subsidence is seen
where the aerial photo of 1948 shows darker black indicating the
presence of deeper water. On the other hand, on the long-existing
natural land of Urayasu before the time of landﬁlls, no or slight
subsidence less than 0.1 m is seen.
Zooming in on one of residential areas, Benten, a blue brush of
subsided houses is found running across several town blocks as
indicated with arrows in Fig. 6(a). In these residential town blocks,
where strip footings and mat foundations are the most common,
houses have sunk in the soil by about 0.5 m in average (Fig. 7(a)).with sloping roofs.
Urayasu in 1948, photo by US Army
Coast in 
1948
Coast in 
2011
Fig. 6(a)
5000m 10000m
-4000m
N
Fig. 5. Soil subsidence map of Urayasu.
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lined up in the school ground of Miakegawa Primary School (Fig. 7(b)).
Later, on April 24th, there appeared a puddle as shown in Fig. 7(c) due
to a heavy rain of April 23rd, 2011.3.2. Ichikawa–to–Chiba areas
Fig. 8 shows the obtained soil subsidence map of Ichikawa-
to-Chiba areas. An about a 1 km to 2 km wide stripe of soil
subsidence extends along the Tokyo Bay. On this stripe, spots of
serious subsidence are found clustered in Makuhari area of Chiba
City (Fig. 9). These spots included Makuhari–Kaihin Park and the
areas in front of JR Kaihin–Makuhari Station, where manholes
were found sticking out (Fig. 10(a)) and buildings next to the pile
supported JR Kaihin–Makuhari Station fell forward (Fig. 10(b)).
It is noticed that these spots are roughly lined up along the
foreshore front of an old tidal ﬂat (broken line in Fig. 9(a)), which
was once shown on the map compiled by the Japanese Army in
1877 [20]. Sand had been accumulating in this tidal ﬂat since then,
and it is seen in the aerial photo of 1972 (Fig. 9(a), [19]) as a 1 km
wide light-gray brush; the color is indicating that the brush is a
shallow intertidal zone. The ﬁrst landﬁlling project for the eastern
area of Makuhari was completed in 1964 as shown in Fig. 9(a), and
followed by the 2nd three-years landﬁlling project for the west
Makuhari new city complex in 1973. Fig. 9(b) [19] shows the aerial
photo of the new-city complex in 2006 with the original coast line
a few kilometers inland.Slightly raised spots are found scattering particularly along
the western coastal area of Makuhari as shown in Fig. 11(a). The
greater part of this area is on pre-development stage with some
buildings sparsely distributed. Some raised spots are due to land-
development works, and some are damp yards of ejected sand.
However, when these elevated spots are compared with the
micro-topography of the area (Fig. 11(b)), they are often found
in shallow dips or hollows among some mounds, indicating that
surrounding mounds have slumped down under their own
weight causing their neighboring dips and hollows to be
pushed up.4. Veriﬁcation of the method and discussions
The small standard error of estimate for each regression plane
does not necessarily guarantee the same level of accuracy for the
extracted soil subsidence. Therefore, differences in level between
ground ﬂoors of pile-supported RC buildings and surrounding
sunken sidewalks were measured at 13 and 16 locations in
Urayasu and Makuhari respectively (Fig. 12), and compared with
those from the obtained subsidence maps.
A laser level was put on the ground ﬂoor of each building to
project a laser line to help provide accurate readings of the
measuring rod at a distance on the sunken ground. Meanwhile,
three pixels were taken from the subsidence map within a 1 m-
radius circle around each measured location, and the three values of
estimated soil subsidence were averaged for each location. Fig. 13
200 4000
Distance (m)
Change in elevation (m)
0.0 0.25 0.5 0.7-0.7 -0.25-0.5
Fig. 6(b)
50
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40000m
Fig. 7(a)
0 100 200
Distance (m)
Change in elevation (m)
0.0 0.25 0.5 0.7-0.7 -0.25-0.5
Fig. 7(b)
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Fig. 6. Stripe of soil subsidence across Benten residential area. (a) Location of stripe (b) Southwest extension of the soil subsidence stripe appeared in a school-ground and
(c) Benten area in 1979: The area was developed in late 1970s. Geospatial Information Authority of Japan (2011b).
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good agreement with the trend that appeared in the subsidence
map with the mean value errors and the standard errors of estimate
being 0.00467 m and 0.04206 m for Urayasu and 0.00203 m
and 0.0282 m for Makuhari, respectively.In this measurement, references were taken on the ground
ﬂoors of the pile supported buildings, and thus the measured
values of subsidence may be affected by the slightly ﬂuctuating
levels of the ground ﬂoors. Geospatial Information Authority of
Japan (GSI) measured elevations of several points along the main
Fig. 7. Extension of the subsidence stripe appeared in a school ground of Miakegawa Primary School. (a) Inclined and sunken houses Photo by Kiyota T., at 35.641895,
139.89886 (b) Sand blows lined up in school ground Photo by Kiyota T., on March 19th at 35.638933, 139.895619 and (c) Puddle appeared in school ground Photo by Konagai
K., on April 24th at 35.639117, 139.895471.
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in Fig. 12, [21]) with the reference taken at N35.6608519273881,
E 139.901017021075 in the old city of Urayasu where no clear
evidence of liquefaction was found.
Fig. 14 compares GSI measured values of soil subsidence and
those from the obtained subsidence map. The values of the actual
soil subsidence are generally in good agreement with those
appeared in the subsidence map with the mean value error and
the standard error of estimate being 0.0139 m and 0.04391 m,
respectively. Eventually, Figs. 13(a) and 14 showed similar stochas-
tic natures of error with each other, supporting the premise that
pile-supported buildings make up a point cloud for aligning DSM
images to extract soil subsidence. In other words, the soil sub-
sidence map can be prepared only when pile-supported buildings
and/or their alternatives are available, and the quality of the
obtained map largely depends on how they are distributed within
the target area. In so far as Bay–Shore area goes, the overall
standard error of estimate will be comparable to about 0.05 m.
Nonetheless, the proposed method is considered important
in that it records in time a precise instance of liqueﬁed soil
subsidence, which often exceeds several tens of centimeters as
was shown above. The authors, thus, had made a plan to cover
quickly more areas liqueﬁed in the March 11th Earthquake.
However, it turned out that all aircrafts for LiDAR surveys had
been booked up in the large post-earthquake-time procurement
boom. Almost all available small aircrafts were used in not only
government-initiated surveys but also in investigation/recovery
works of electric power transmission lines, particularly in the
situation generated by the serious accident which happened at
the Fukushima–Daiichi Nuclear Power Plant [22]. It had also
made the situation worse that 67 small aircrafts and helicopters
including those of aerial survey companies were washed away
by the tsunami at the Sendai International Airport [23]. All theselessons offer strategically important hints for quick investiga-
tions that can be necessary in the expected scenario earth-
quakes in the capital's metropolitan area [9] and Tokai/Tonankai
regions.5. Conclusions
The March 11th, 2011 East-Japan Earthquake has caused sand
liquefaction over a long stretch of landﬁlls along the coast of the
Tokyo Bay. The liqueﬁed areas along the coast of the Tokyo Bay
reportedly reached 42 km2, and there yet remain serious long-
lasting concerns about sewage treatment and possible inunda-
tions inside levees, etc. An attempt was made to measure
liqueﬁed soil subsidence with reference to elevations of top ends
of pile-supported buildings and bridge piers. Two sets of Digital
Surface Models (DSMs) before and after the earthquake were
compared with pile-supported RC buildings and bridge piers as
templates for aligning the two sets, and examples of the analyzed
images were shown for Urayasu and Ichikawa–to–Chiba areas. On
the obtained map of Urayasu, subsidence can be seen over the
entire stretch of the reclaimed land. However, the severity of
liquefaction within this zone was not uniform. In particular,
remarkable subsidence is seen where the aerial photo of 1948
shows darker black color indicating the presence of deep water at
that time. The obtained map of the Ichikawa–to–Chiba area
shows an about 1 km to 2 km wide stripe of sunken area
extending all along the Tokyo Bay shore. The zone of more
pronounced liquefaction appeared in Makuhari to somewhat line
up with the foreshore front of an old tidal ﬂat once shown on the
map compiled by the Japanese Army in 1877. These facts may
suggest that soil subsidence has a strong correlation with the
thickness of the liqueﬁed layer.
Edogawa Diversion Channel
Bay-shore Route of Tokyo 
Metropolitan Expressway
Makuhari (Fig. 9)
Western Makuhari 
(Fig. 11)
Ichikawa City
Urayasu City
(Fig. 5)
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N
Change in elevation 
10000m
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Fig. 8. Soil subsidence map of Ichikawa-to-Chiba area.
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Konagai on July 10th, 2011).
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Fig. 13. Differences in level between ground ﬂoors of pile-supported RC buildings and surrounding sunken sidewalks (Yellow place marks in Fig. 11). (a) Urayasu and
(b) Makuhari.
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Fig. 14. GSI measured values of soil subsidence along Prefectural Routes 242 and
270 (Blue place marks in Fig. 11) and those from the obtained subsidence map.
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instance of liqueﬁed soil subsidence, which often exceeds several
tens of centimeters as was shown above. In so far as Bay–Shore
area goes, the overall standard error of estimate was comparable
to about 0.05 m. The error is expected to be further minimized for
multifactorial analyses of soil subsidence.Acknowledgments
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advice on the use of LiDAR data.Appendix A. End-bearing piles in Urayasu and along Tokyo
Bay-shore line
Urayasu city published a list of pile-supported facilities on web
(Table A1, after [24]). The list was one of the materials for the
Liquefaction Countermeasure Task Force of Urayasu City. The list says
that pile lengths vary from 30 m to 50 m. RC school buildings higher
than 3 stories in height are all on end-bearing piles. Fig. A1 shows
soil proﬁle along JR Keiyo Railway and reference points for template
matching close by this railway. Numbers put next to the reference
points show corresponding pile lengths. The lengths of piles within
an about street block distance (about 200 m) from this railway are
projected upon the subsurface soil cross-section. Liquefaction Coun-
termeasure Task Force of Urayasu City [24] has suggested that ﬁlls
(F) and shallow parts of the underlying alluvial sandy soil deposit
(As) could have been liqueﬁed. Tokimatsu et al. [25] also examined
liquefaction safety factors (FL) at various locations in Urayasu. In
Mihama–Irifune, Takasu and Akemi–Hinode districts in particular,
the examined FL values in layers shallower than 20 m were below
1.0 supporting the view of the taskforce. Beyond 20 m, the settlement
was unlikely to occur. Therefore, the embedment depths of piles for
the chosen reference points are considered to be substantially large
enough not to allow them to sink.
Piers for highway viaducts constructed since 1970s rest essen-
tially on end-bearing piles in conformity to both the Design Guide
of 1964 for Road Bridge Foundations [26], and the Seismic Design
Guide of Foundations for Road Bridges of 1972[27], the latter
reﬂects strongly lessons from the Niigata Earthquake of 1964 in
which many friction-pile supported bridges collapsed seriously in
liqueﬁed soils. The Metropolitan Expressway Company Ltd. took a
more thorough countermeasure for its Bay-shore line to conﬁne
loose liqueﬁable sands by installing consecutive underground steel-
pipe wall around and near the existing pile foundations [28]. The
installation of these underground walls completed in 1999.Appendix B. Geographic reference system
The soil subsidence maps were prepared on the Japanese
National Grid System. The Japanese National Grid System
divides Japan into a set of 19 zones assigned with Greek
Table A1
Template points on end-bearing pile supported buildings in Urayasu (after [24]).
Template point Building Piles
ID North latitude
(deg.)
East longitude
(deg.)
ID Building name Friction/ End-
bearing
Type Diameter
(mm)
Number Length
(m)
1 35.66374 139.8939 1 Urayasu City Library end-bearing N/A(existing) PHC piles
(New)
600 (New) 135 36-47
2 35.66371 139.8942
3 35.66369 139.8943
4 35.66366 139.8945
5 35.66603 139.9004 2 Hokubu Primary School end-bearing AHS piles 500 140 29
6 35.66597 139.9006
7 35.66587 139.9007
8 35.6658 139.9008
9 35.65539 139.8914 3 Minami Primary school end-bearing Steel piles 500 154 36-40
10 35.65532 139.8914
11 35.65477 139.8925
12 35.65609 139.9022 4 Higashi Primary School end-bearing Steel piles 600 162 43
13 35.65618 139.9023
14 35.65629 139.9027
15 35.65624 139.9028
16 35.65062 139.9006 5 Higashino Primary School end-bearing PHC/SC piles 600-1000 139 44
17 35.65057 139.9007
18 35.65044 139.9008
19 35.65039 139.901
20 35.64869 139.9046 6 Tomioka Primary School end-bearing Steel piles 500 180 50
21 35.64875 139.9046
22 35.64885 139.905
23 35.64876 139.9051
24 35.64867 139.9052
25 35.63946 139.8954 7 Miakegawa Primary School end-bearing Steel piles 600 182 49-50
26 35.63943 139.8955
27 35.63937 139.8956
28 35.6555 139.9148 8 Mihamakita Primary School end-bearing AC piles 600 91 40-43
29 35.65544 139.9149
30 35.65515 139.9152
31 35.6551 139.9152
32 35.65146 139.9076 9 Mihamaminami Primary
School
end-bearing Steel piles inﬁlled with
concrete
600 158 46-51
33 35.65141 139.9077
34 35.65128 139.9078
35 35.6512 139.908
36 35.651 139.9082
37 35.65419 139.9191 10 Irifunekita Primary School end-bearing Steel piles inﬁlled with
concrete
500, 600 192 45-52
38 35.654 139.9194
39 35.65382 139.9196
40 35.64565 139.9125 11 Irifuneminami Primary
School
end-bearing SC/AC piles 600 216 52-55
41 35.64561 139.9127
42 35.64554 139.9127
43 35.6454 139.9129
44 35.64212 139.8854 12 Maihama Primary School end-bearing PHC piles 600 192 39-44
45 35.64203 139.8855
46 35.64195 139.8856
47 35.64169 139.8858
48 35.63601 139.9166 13 Takasu Primary School end-bearing PHC/SC piles 500, 600, 700 192 51-52
49 35.63573 139.9169
50 35.64512 139.9202 14 Meikai University end-bearing N/A N/A N/A N/A
51 35.64512 139.9206
52 35.64799 139.9139 15 Tower East end-bearing N/A N/A N/A N/A
53 35.64791 139.914
54 35.64795 139.9141
55 35.64795 139.9139
56 35.65362 139.9015 16 Urayasu City cultural Hall end-bearing SPC/Ac piles 600 400 32-42
57 35.65346 139.9016
58 35.65395 139.9017
59 35.65368 139.9018
60 35.65182 139.8998 17 Urayasu Post Ofﬁce end-bearing N/A N/A N/A N/A
61 35.65159 139.9003
62 35.64494 139.8917 18 Urayasu High School end-bearing N/A N/A N/A N/A
63 35.64467 139.892
64 35.64505 139.8924
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starting from the zone at the southwest corner. Exceptions
(from XIV to XIX) are for isolated islands. The surveyed Tokyo
Bay area is included in Zone IX with its origin located at
139150’E, 36100'N.Appendix C. Distribution of soil subsidence map images
The soil subsidence maps prepared here are one of the results
of a cooperative survey between Konagai Laboratory, Institute of
Industrial Science, University of Tokyo and Aero Asahi Corporation.
NA
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29m
32 - 42m
43m
44m
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49 -50m
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40 - 43m
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42 - 52m
Fig. A1. Soil proﬁle along JR Keiyo Railway and reference points for template matching close by the railway.
K. Konagai et al. / Soil Dynamics and Earthquake Engineering 53 (2013) 240–253252Aero Asahi Corporation retains copyright control over Digital
Surface Models as their works. Though the authors retain copy-
right control over the soil subsidence maps, the map images are
openly available, in view of their merits for informational, aca-
demic, public interest and noncommercial purposes, as Keyhole
Markup Language Zipped (kmz) place-mark ﬁles at the following
website:
http://shake.iis.u-tokyo.ac.jp/home-new/Appendix D. Supporting information
Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.soildyn.2013.06.012.References
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